Abstract-Herein, we present an overview of recent progress on the development of different types of porous 1-D photonic crystal coatings which are optically responsive to gas pressure changes in the environment. Modification of the surrounding vapor pressure gives rise to adsorption and condensation phenomena within the porous networks of the photonic crystal building blocks, varying their refractive index and hence their optical features. This effect can be put into practice to precisely detect and monitor changes in the ambient through the spectral shift of either the photonic bandgap of the structure or of some other optical features. Our results demonstrate the potential of these optical coatings as new materials for gas sensing devices.
I. INTRODUCTION

P
OROUS photonic crystals have generated a great deal of interest in the field of sensing due to the possibility they offer to monitor compound separation and recognition through the change in the optical response caused by the presence of targeted species [1] - [7] . Many of these achievements have mainly been possible due to the existence of an accessible porous network in three-dimensionally ordered packings of monodisperse, submicrometer size colloids [8] , [9] , or their replicas [10] . Some 2-D photonic crystals also present an ordered porosity that can be accessed from outside, allowing for the control of the optical response through ambient conditions [5] , [6] . Be it by direct infiltration of the targeted compounds within the voids [11] or by previous infiltration of a guest material that can capture it [12] , [13] , the principle behind the controlled optical response of such materials is always the same: the presence of a guest compound within the lattice gives rise to a change in either the dielectric constant of the pores or in the lattice constant of the crystal, which changes the optical response of these structures modifying the intensity, the spectral position and the width of their characteristic Bragg reflections. Very recently, new types of 1-D photonic crystals (1DPC) with controlled porosity have been prepared by alternate deposition of either mesostructured [14] , [15] or nanoparticle-based films [16] , [17] . These structures are usually easier to build than those of higher dimensionality and present very intense and wide Bragg reflections [18] . The advantage of such lattices lies on the wide range of materials available to be deposited in the form of layers, which implies accurate control over the optical properties of the periodic ensemble, on the high structural and optical quality attainable, and on their ease of functionalization and integration in devices [19] - [21] . Furthermore, the environmental response of such lattices has already been tested through the infiltration of different types of liquids [14] , [15] , [17] .
The work herein presented is focused on the gas adsorption and condensation phenomena taking place within the porous networks of these novel porous 1DPCs. Three different types of 1DPC architectures are reviewed to prove the concept we propose, namely, mesostructured thin film multilayers, nanoparticle-based multilayers, and dense 1DPC coated with mesostructured coatings. Their optical response to changes in the environment is analyzed to demonstrate the potential of these optical coatings as base materials to make versatile sensing devices.
II. EXPERIMENTAL MEASUREMENTS
A. Methodology
When these porous structures are exposed to different vapor partial pressures, the air inside the void space of the ensemble is replaced by a compound with higher refractive index, leading to a red shift of the Bragg peak, or the corresponding modulated response. Interactions between vapor and pore surface can be understood in terms of adsorption-condensation processes. Since experiments were carried out at room temperature, vapor condensates into the pores at a fixed partial pressure that depends on the pore size and the physico-chemical properties of the surface.
Additionally, changes in the reflectance spectra provide a mean to identify the preferential adsorption in one specific type of layer. The preferential adsorption of solvent (or, eventually, condensation) within the pore system corresponding to the lower refractive index layers causes a decrease of the Bragg peak intensity associated to the photonic bandgap. This is a direct consequence of the decrease in the dielectric contrast between both types of building layers. On the contrary, a preferential filling of the higher refractive index films in the structure would increase such contrast, hence raising the intensity of the 1530-437X/$26.00 © 2010 IEEE Bragg reflection. A similar behavior is expected for the spectral band width of the Bragg reflection.
Detailed information on the variation of the refractive index of each layer in the stack can be extracted from the analysis of the optical reflectance spectra, as the vapor pressure in the chamber changes. These can be fitted using a model based on the scalar wave approximation [15] , [18] , [19] , in which the thickness of each film is let vary up to 10% around the input initial values measured in field emission scanning electron microscopy (FESEM) images in order to account for experimental errors. The refractive indexes of both types of layers are left as adjustable variables. The model assumes that all layers with equal composition and porosity in the stack will present the same refractive index in equilibrium conditions at a certain vapor pressure. We estimate the variation of the refractive index as vapor pressure increases for each layer independently by minimizing the difference between the simulated and experimental spectra. Thus, we use Bruggeman expression [22] for a three component medium (dielectric material-solvent vapor-air) to estimate the evolution of the free pore volume fraction where is the refractive index of the dielectric material, is the refractive index of the voids in the structure and is the refractive index of the solvent whose vapor pressure is gradually increased in the chamber. In the same way, , , and are the volume filling fraction occupied by the material, the free space, and the solvent with respect to the total volume of the layer.
This type of analysis is only possible due to the extreme sensitivity of the photonic crystal properties of the multilayer stack to small changes of the refractive index of the layers, which allowed us to unambiguously correlate the specular reflectance spectra shifts with the variation of refractive index in a particular type of layer in the structure. It should be mentioned that this approach to the analysis of the sorption properties of complex periodic architectures cannot be easily made through any alternative standard micropore or surface analysis technique.
B. Preparation and Characterization
1) Mesostructured 1-D Photonic Crystal:
The first approach to build a porous 1DPC was achieved using ordered mesoporous thin films (MTF), work carried out in collaboration with the group of Prof. Soler-Illia [14] , [15] . In this case, ethanolic solutions of titanium or silicon complexes were prepared using an inorganic precursor ( , TEOS) and block copolimers (CTAB or Pluronics F127). Pore size and network geometry of each MTF can be designed by an adequate choice of the inorganic precursor, solvent, and organic template employed.
A solution with of 1:5:20:0.004:0.1 was used to produce films with 3-D hexagonal (p63/mmc) mesostructure. Large pore cubic films were produced from a solution with proportions of 1:10:40:0.005. According to [23] , MTF multilayers were deposited by a sequence of dip-coating and stabilization processes of these suspensions. Film thickness can be tuned between 30-200 nm by changing the withdrawal speed and solution composition. A subsequent humidity controlled step and a stabilizing thermal treatment are needed to obtain a high quality ordered structure. After this process, another MTF can be deposited on top of a stabilized film. Finally, the template is eliminated by heating up the multilayer system to 350 C-400 C under still air atmosphere.
High-resolution FESEM and transmission electron microscopy (TEM) images of an eight-layer system using CTAB template and F127 template as building blocks are shown in Fig. 1 .
2) Nanoparticle 1-D Photonic Crystal: Another type of responsive 1-D photonic crystal coating can be built using nanoparticles as building blocks. Porous nanoparticle-based 1DPCs can be constructed through the alternate deposition of layers of oxide nano-colloids [17] . and are the most used compounds since they present very different dielectric constant ( ; ) and can be deposited easily from a suspension by spin or dip coating.
crystallites are synthesized using a procedure based on the hydrolysis of titanium isopropoxide (97%, Aldrich), followed by growth under hydrothermal conditions [25] . colloids are purchased from Dupont (LUDOX TMA, Aldrich). Precursor suspensions for the spin-coating process are prepared by diluting both types of suspensions employing 79%:21% volume mixtures of . Drops of these suspensions were alternatively spread onto a previously treated square glass substrate and spun at constant velocity using a spin coater operating at atmospheric pressure. The spectral position of the Bragg peak can be tuned precisely by changing the lattice parameter of the periodic structure which is realized by varying the thickness of each type of layer in the structure. Thickness of the deposited nanoparticle films was controlled by changing the concentration of the suspensions (Fig. 2) or the parameters of the spin coater, namely, the acceleration and final speed [26] . No intermediate stabilization processes are necessary to obtain high optical quality films. A final heating of the multilayer at 450 C in a furnace provides the structure with the mechanical stability required for all ulterior processes without generating cracks or any deterioration of the optical quality.
The optical response of these multilayers can also be modified through the disruption of the periodicity which leads to localized photonic states in the gap. For our 1DPC, it can be achieved by depositing a layer of different thickness in the middle of the stack. As a consequence, sharp dips are obtained within the reflectance peak corresponding to the forbidden bandgap frequency range and provide us with a tool to monitor more accurately peak shifts. A cross section FESEM image of a nanoparticle defect built in the center of a multilayer structure is presented in Fig. 3(a) . A detailed image of the different morphology and sizes of the particles used is shown in Fig. 3(b) . The porous structure nature of these multilayers is also revealed in the image.
3) Mesostructured Films as Responsive Coatings of Photonic Crystals:
Finally, a thin mesostructured oxide layer coupled to a dense multilayer is also used in this work. The dense multilayer behaves as a 1DPC and the mesoporous film deposited onto the multilayer behaves as an optical cavity of low quality factor in which certain photon modes are partially localized. These modes are spectrally located within the forbidden photonic band of the 1DPC and its effect on the optical reflectance is to modulate its reflectance peak. Dense periodic multilayers were obtained by sequential spin coating of and sol-gel precursors [28] , [29] . On top of such multilayer a mesoporous film was deposited by dip-coating using the same experimental procedure as mentioned in Section II-B1.
The sol was synthesized using 4.5 ml of TEOS and 34 ml of absolute ethanol. After some minutes under vigorous stirring, 1.72 ml of and 0.08 ml of HCl 0.05 N were added. To prepare the sol, a solution of of 50:1:2:0.024 was used, with titanium tetraisopropoxide (TIPT, 97%, Aldrich), 1 M, isopropyl alcohol ( , Aldrich). The multilayer was prepared by spin-coating both sols alternatively. In each case, 200 of sol were uniformly spread on the substrate before spinning at 3000 rpm during 1 min. Each layer was heated at 300 C for 1 h to stabilize it before depositing a new one, and finally was annealed at 450 C during 1 h. Mesostructured films were deposited onto the dense photonic crystals by a process of dip-coating, as described above. The dip-coating speed was varied between 0.5 and 2 mm/s, which allowed us to attain mesoporous thicknesses comprised in the 50-200 nm range. Fig. 4(a) shows a cross section of the photonic crystal coated with the mesoporous thin film, while Fig. 4(b) and (c) shows a low magnification of the mesostructured thin film in order to observe the ordered pores within the film.
The modulation of the Bragg peak produced by coupling the mesoporous thin film layer onto the 1DPC can be readily seen in the dot-dashed curve in Fig. 5 , in which a clear decrease of the reflectance at stop band frequencies (pointed with an arrow) is observed. This modulation can be shifted along the whole bandgap simply by changing the thickness of the outer porous layer (also shown in the Fig. 5 ).
C. Experimental Setup
In order to analyze the change of the optical response with the vapor pressure in the environment, we measure the specular reflectance spectra for the aforementioned structures at different partial pressures of several analytes, as isopropanol, water or toluene. The multilayers were introduced in a closed chamber in which the partial pressure of a volatile liquid could be varied from to 1 ( being the saturation vapor pressure of the liquid at room temperature). The chamber possesses a flat quartz window through which the reflectance spectra of multilayer structures at normal incidence were measured in situ using a Bruker IFS-66 FTIR spectrophotometer attached to a microscope with a 4 objective with 0.1 numerical aperture (light cone angle ). Optical reflectance spectra were acquired once the pressure measured in the chamber was observed not to change appreciably (the minimum display division of the solid state pressure sensor is 0.01 torr). These equilibrium times could be between 30 and 120 s, the shorter response times being attained at lower pressures.
III. RESULTS
A. Response to Gas Pressure Changes 1) Mesostructured 1-D Photonic Crystal:
A whole series of reflectance spectra attained at different partial pressure of toluene vapor is displayed in Fig. 6(a) where the evolution of both the maximum spectral position and its intensity are shown. The shift to higher wavelengths is due to the condensation of the toluene into the pores as previously explained. Experiments following the same procedure were made using water and isopropanol. Fig. 6(b) shows the evolution of the maximum obtained at different partial pressure for the three compounds used. An energy scale is used to plot the spectral position of the reflectance maximum, so the observed change is independent of the spectral range in which the shift takes place. In all cases, it can be clearly seen that the vapors condense into the mesopores walls, increasing the average refractive index and gradually shifting the Bragg maximum toward higher wavelengths. Fig. 6 (c) reveals that sorption-condensation in the explored system takes place preferentially onto the smaller pore walls at lower pressures leading to a decrease in the dielectric contrast of the photonic crystals and hence its reflectance. At higher pressures, the same process takes place onto the larger pore walls with the opposite effect on the optical response. In addition, the adsorption properties of the multilayer strongly depend on the type of compound vaporized in the chamber. Interestingly, water seems to adsorb indistinctly and at the same time onto and walls, while isopropyl alcohol and toluene vapors adsorb preferentially onto during the first stages of the process and onto at higher partial pressures. These results can be rationalized analyzing differences in the hydrophilic or hydrophobic interactions between the compounds and the surface of each mesoporous layer.
It should be noted that zero activity values for the analyte do not lead immediately to the initial spectra. This phenomenon is related with the strong chemisorption of the compounds that occurs onto oxide walls. To remove completely this monolayer is necessary to rinse copiously the films with ethanol and put them in the stove at 120 during 30 min. This behavior was observed in all samples tested.
2) Nanoparticle 1-D Photonic Crystal: The same analysis described for mesostructured multilayers was carried out with this 1DPC structure containing a nanoparticle defect built in. Reflectance spectra for different partial pressures of isopropanol and water are presented in Fig. 7(a) and (b) , respectively. As we mentioned before, the sharp dips provide us with a tool to monitor more precisely the peak shifts induced by vapor adsorption. The variation of the position of the reflectance dip for different partial pressures of isopropanol and water vapor is displayed in Fig. 7(c) . Very well-defined optical adsorption isotherms are attained for defect containing multilayers, as a result of the higher resolution provided by the thinner reflectance dip caused by the defect layer. Again in this case, the effect of the different affinity of the multilayer for water and isopropanol vapors is readily seen.
3) Mesostructured Films as Responsive Coatings of Photonic Crystals:
Mesostructured films give us the possibility to prepare thin layers with controlled pore distribution and at the same time the optical response is modulated when they are deposited onto a 1DPC. The reflectance spectra obtained for a 1DPC coated with a mesostructured film prepared with two different pore sizes exposed at different partial pressures of isopropanol are shown in Fig. 8 . In the first case, the reflectance dip originally located at shifts up to nm as raises from 0 to 1, while for the latter the variation of the resonant mode position is much less significant (from to ), as can be clearly seen in Fig. 8(b) . The gradual shift observed is the direct consequence of the continuing increase of the refractive index of the pores when adsorption of isopropanol molecules onto the mesopore walls takes place.
Further analysis is needed to evaluate the relative effect of the pore size on the changes induced in the optical resonant modes by variations of the ambient conditions. From the refractive index of the outer mesoporous layer estimated at each partial pressure, , we can extract the evolution of its pore volume fraction. The variation of the filled pore volume fraction, that is, the ratio between the volume occupied by the solvent as increases and the originally available void space at , is shown in Fig. 9 for the two different mesostructured coatings. It can be seen that the adsorption isotherm corresponding to the structure with larger pores (average pore size 9 nm) shows clear evidence of solvent adsorption for and solvent condensation for , as the abrupt increase of the filled pore volume fraction indicates. In this case, up to 70% of the original porosity is filled by the solvent. Contrarily, the optical coating with smaller pores (average pore size 3.5 nm), presents a Langmuir type isotherm, with only a small uptake of solvent for very low partial pressures, which indicates that only adsorption onto the pore walls takes place. In this case, barely the 20% of the original porosity is filled by the solvent.
The low filling of isopropanol in the cages of the porous coatings templated by Brij56 molecules could be due to steric effects that cause the blocking of the pore entrance, as has been observed during infiltration of mesostructured materials with triethylsilane [31] . Our isotherm indicates that, once a layer of adsorbed isopropanol molecules is formed, the interconnecting windows would be closed and the cages would be isolated from the ambient. These results also indicate that strict control over the average pore size and its narrow distribution may allow target-molecule size selectivity to be combined with the optical changes induced by the adsorption and condensation properties to yield more specific sensors.
IV. CONCLUSION
We have shown that different types of porous multilayered structures with 1-D photonic crystal properties behave as responsive coatings that may allow the development of new sensing devices based on them. As a proof of concept the optical response to gas pressure changes in the environment is measured and analyzed. It is demonstrated that modification of the surrounding vapor pressure gives rise to adsorption and condensation phenomena within the porous networks of the photonic crystal building blocks, varying their refractive index and hence their optical features. This effect can be put into practice to precisely detect and monitor changes in the ambient through the spectral shift of either the photonic bandgap of the structure or of some other optical features. 
